[1] In situ measurements of trace gases and aerosols were conducted at an urban site in Tokyo (35°39 0 N, 139°40 0 E). The data obtained in summer (July-August 2003), fall (September-October 2003), and winter (February 2003 and January-February 2004) are used for the present analysis. Size-resolved chemical composition of nonrefractory (vaporized at 600°C under high vacuum) submicron aerosol was measured using an Aerodyne aerosol mass spectrometer (AMS). Organics are found to be the dominant component (40-60% of total nonrefractory aerosol mass) in all periods. Organic aerosol (OA) is classified by correlation with carbon monoxide (CO) and fragments of aliphatic and oxygenated organic compounds in the AMS mass spectra. Combustion-related organic aerosol (combustion OA) is defined as the primary organic aerosol (POA) fraction, as determined by a linear correlation with CO. Excess organic aerosol (excess OA) is defined by subtracting the combustion OA and the background OA from the total OA. The combustion OA and excess OA show good correlation (r 2 = 0.65-0.85) with hydrocarbon-like organic aerosol (HOA) and oxygenated organic aerosol (OOA), respectively, which were derived from a custom principal component analysis. In the summer period the estimated excess OA concentrations show distinct diurnal variations and correlate with ozone (O 3 ) during daytime. On average, the combustion OA does not exhibit a distinct diurnal variation for the summer, fall, and winter periods, while the excess OA shows a clear diurnal pattern (daytime peak at $1300 LT). At the daytime peak the excess OA is found to be at nearly the same concentration as the combustion OA for all seasons, suggesting that significant formation of secondary organic aerosol (SOA) occurred in daytime throughout the measurement period.
Introduction
[2] Urban areas are large sources of anthropogenic gaseous species and particulate matter. High concentrations of aerosols in urban air have adverse effects on human health [e.g., NARSTO, 2004] . In addition to this local influence, export of anthropogenic aerosols from urban areas to surrounding regions can significantly affect the air quality and radiative balance in those regions as well. Previous studies have shown that organic compounds constitute a substantial fraction of total fine particle mass in urban air [e.g., Chow et al., 1994; Gray et al., 1986] . However, the chemical composition and formation mechanisms of organic aerosols are not fully understood because organic aerosols consist of hundreds to thousands of chemical species with a very wide range of chemical and thermodynamic properties [e.g., Alves et al., 2002; Saxena and Hildemann, 1996; Turpin et al., 2000] .
[3] Emissions from motor vehicles (gasoline and diesel) can be important sources of primary organic aerosol (POA) in urban areas [Rogge et al., 1993a] . It has been found that POA from vehicular exhaust is mainly composed of longchain n-alkanes and branched cycloalkanes and includes a number of chemical species such as n-alkanoic acids, aldehydes, and polycyclic aromatic hydrocarbons (PAHs) [Reilly et al., 1998; Rogge et al., 1993a Rogge et al., , 1993b Tobias et al., 2001] . Primary emissions of dicarboxylic acids were also identified in vehicular exhaust [Kawamura and Kaplan, 1987] . Secondary organic aerosol (SOA) is formed via oxidation of volatile organic compounds (VOCs) followed by condensation on existing particles or by homoge-neous nucleation. Smog chamber experiments have shown that aromatic hydrocarbons (toluene, xylene, etc.) from gasoline vapor can be a significant source of SOA in urban air [Odum et al., 1997] . Biogenic hydrocarbons also make a substantial contribution to the SOA in some urban areas [Szidat et al., 2004] . Atmospheric measurements in urban areas have identified a large amount of water-soluble organic carbon (WSOC), which is likely the major constituent of SOA [Saxena and Hildemann, 1996; Sullivan et al., 2004] . WSOC generally consists of oxygenated organic compounds containing various functional groups such as alcohols, carbonyls, and dicarboxylic acids [Alves et al., 2002; Kawamura and Ikushima, 1993; Saxena and Hildemann, 1996] .
[4] An assessment of the contributions of primary emissions and secondary formation to ambient organic aerosol loadings in urban areas is important for developing regulatory strategies for particulate matter (PM) control. It is also important for estimating direct/indirect forcing of organic aerosols because hygroscopic properties of organic aerosols depend upon the chemical composition [Saxena et al., 1995] . In practice, unambiguous separation of POA and SOA in ambient air is generally difficult to achieve. Alternatively, classification of ambient organic aerosols according to certain criteria (e.g., chemical class and/or correlation with tracers) provides useful qualitative insights into the relative fractions and temporal profiles of POA and SOA.
[5] The Aerodyne aerosol mass spectrometer (AMS) can measure size-resolved chemical composition of ambient nonrefractory (vaporized at 600°C under high vacuum) submicron aerosol for an integration time of the order of minutes [Jayne et al., 2000; Jimenez et al., 2003a] . Mass spectra obtained with the AMS provide useful information with which to classify organic aerosol according to chemical classes. Zhang et al. [2005a] have developed a new method to separate hydrocarbon-like organic aerosol (HOA) and oxygenated organic aerosol (OOA) based on custom principal component analysis of the AMS mass spectra. This method offers the advantage of providing not only mass concentrations but also mass spectra of HOA and OOA.
[6] In this paper we use AMS data obtained in Tokyo to investigate the seasonal and diurnal variations of organic aerosol in this region. The observed organic aerosol (OA) is classified based on correlation with carbon monoxide (CO) and fragments of aliphatic and oxygenated organic compounds in the AMS mass spectra. The combustion-related organic aerosol (combustion OA) is defined as the POA fraction, as determined by a linear correlation with CO. The excess organic aerosol (excess OA) is defined by subtracting the combustion OA and the background level of OA from the total OA. The basis of this classification is similar to the elemental carbon (EC) tracer method proposed by Turpin and Huntzicker [1995] . If the emissions of POA and CO are dominated by combustion sources and the emission ratio of POA to CO can be regarded as nearly constant, the combustion OA and excess OA may be good approximations of POA and SOA, respectively. However, we use the former terminology for the present analysis to make the definition clear. The major purpose of this paper is to investigate the seasonal and diurnal variations of the combustion OA and excess OA in Tokyo during the measurement period.
2. Ground-Based Measurements in Tokyo 2.1. Instruments [7] In situ measurements of trace gases and aerosols have been conducted at a surface site in Tokyo. The population of the southern Kanto area, including Tokyo and three surrounding prefectures, is $33 million at present. The data obtained in February 2003 (winter1 period), July -August 2003 (summer period), September -October 2003 (fall period), and January -February 2004 (winter2 period) are used in this study. The winter1 and winter2 periods are combined (referred to simply as winter period) unless we specifically describe the difference between the winter1 and winter2 periods. This series of intensive measurement periods is referred to as the Integrated Measurement Program for Aerosol and oxidant Chemistry in Tokyo (IMPACT). The IMPACT campaign is the first systematic study focusing on megacities in East Asia. Figure 1 shows a map of the Tokyo area. The observation site is on the top (fifth) floor of a building on the campus of the Research Center for Advanced Science and Technology (RCAST), University of Tokyo (35°39 0 N, 139°40 0 E). RCAST is located near the center of the city and surrounded by heavy traffic highways (at about $2 km distance from the observatory). The sample air was aspirated from the rooftop of the observatory building ($18 m above ground level and $57 m above mean sea level). Figure 2 summarizes the data coverage of the chemical species that are mainly used in this analysis. Although ambient measurements were also performed in April -June 2003, these data are not used in this analysis because the number of data samples is limited.
[8] Size-resolved chemical composition of nonrefractory submicron aerosol, which is hereafter referred to as NR-PM 1 , was measured using an AMS. Details of the performance of our AMS including the stability of the instrument sensitivity and intercomparison with other aerosol measurements are presented by Takegawa et al. [2005] . In this paper the mass concentrations of aerosol measured by the AMS are reported in units of mg m À3 at 20°C and 1 atm (10 min averages). The date and time are reported in Japanese local time (UTC + 09:00).
[9] CO was measured using a nondispersive infrared absorption (NDIR) instrument with an integration time of 1 min (Model 48, Thermo Environmental Instruments (TEI), USA.). In order to reduce the interference from water vapor (H 2 O), the sample air for the CO instrument was dried (dew point <0°C) using a Nafion dryer (Perma-Pure, Inc., USA.). The background (zero) signals were routinely measured every 1 or 2 hours by supplying purified (dry) air into the sample line. The zero signals measured using the purified air agreed well with those measured using a Hopcalite scrubber (CO removal catalyst) after passing the sample air through the Nafion dryer. The uncertainty in determining the zero signals was estimated to be $15 parts per billion by volume (ppbv) (1s). Calibrations were performed at the beginning of each measurement period by supplying a CO standard (5 parts per million by volume (ppmv) CO in air) manufactured by the Nissan-Tanaka Corp., Japan. The stability of the instrument sensitivity (i.e., stability of the calibration signals) was $1.5% (1s) between February 2003 and February 2004 . The overall precision and accuracy of the 1 min CO data were estimated to be 4 ppbv and 20 ppbv, respectively, at a CO mixing ratio of 400 ppbv.
[10] Carbon dioxide (CO 2 ) was measured using an NDIRbased instrument with an integration time of 10 s (Model LI7000, Li-Cor, Inc., USA). The sample line for the CO 2 instrument was the same as that for the CO instrument so as to reduce the interference from H 2 O. The offset level of the NDIR signal was automatically corrected by the internal zero system (i.e., CO 2 removal catalyst). In addition to this, external calibrations were performed at the beginning and end of each measurement period. The CO 2 standards used for the calibrations were 348 ppmv CO 2 in air (low standard) and 694 ppmv CO 2 in air (high standard) (Nissan-Tanaka Corp., Japan). The CO 2 offset level was determined using the low standard, and the instrument sensitivity (i.e., NDIR signal per ppmv CO 2 ) was determined using the difference between the high and low standards. The uncertainty in determining the offset level was estimated to be 1.5 ppmv (1s) and the stability of the instrument sensitivity was $1% (1s). The precision and accuracy of the 10 s CO 2 data were estimated to be 0.3 ppmv and 2 ppmv, respectively, at a CO 2 mixing ratio of 400 ppmv. The meteorological parameters (ambient temperature, relative humidity, etc.) were measured using a standard meteorological station (Vaisala, Helsinki, Finland) with an integration time of 10 min.
[11] Ozone (O 3 ) was measured using an ultraviolet (UV) absorption instrument with an integration time of 1 min (Model 1101, Dylec, Japan). The Model 1101 was compared with another UV absorption O 3 instrument (Model 43, TEI, USA). These two measurements agreed well to within 4%. Nitrogen oxides (NO x = NO + NO 2 ) and total reactive nitrogen (NO y ) were measured using a NO-O 3 chemiluminescence detector combined with a photolytic converter and a gold tube catalytic converter. The NO and NO y instrument used in this study was originally designed for aircraft measurements [Kondo et al., 1997] and was slightly modified for ground-based measurements. NO y compounds were catalytically converted to NO on the surface of a gold tube heated at 300°C. The photolytic converter system used for the NO 2 measurement was manufactured by Droplet Measurement Technologies, Inc., USA. SO 2 was measured using a pulsed fluorescence technique with an integration time of 1 min (Model 43C, TEI, USA). Online VOC measurements (C 2 -C 7 alkanes, alkenes, alkynes, and aromatics) were conducted using a GC-FID system combined with a preconcentration unit [Enomoto et al., 2005] . The system is capable of measuring VOCs with a time resolution of 1 hour.
General Characteristics of Observed Air Masses
[12] First, the spatial representativeness of the observed air masses is examined. Figure 3 shows time series of CO mixing ratios measured at the RCAST observatory and two routine monitoring stations maintained by the Tokyo Metropolitan Government. The Shinjuku monitoring station is located in the center of the city ($5 km northeast of RCAST), and the Setagaya station is located in a residential area ($5 km southwest of RCAST). The three measurements show similar temporal variations, indicating that the air masses observed at RCAST were not significantly affected by a particular local source.
[13] Second, air flow patterns around the RCAST observatory are described. In the summer period, large-scale air flow patterns over Japan were determined by the North Pacific anticyclone, and maritime air was generally transported from the south. In addition, sea-land breeze circulation took place when a stable anticyclone was located over the Tokyo area. In the fall period, wind directions were mostly northerly, although weather conditions frequently changed associated with the passage of cyclones. In the winter period, air flow patterns in the Tokyo area were strongly influenced by northerly winds from the Siberian High. The CO mixing ratios tend to be higher with lower wind speed (and vice versa). The relationship between CO and wind speed did not show significant dependence on wind direction. This result suggests that wind speed (i.e., dilution rate) was one of the major controlling factors affecting the levels of CO mixing ratios and also suggests an absence of large point sources of CO around the RCAST observatory.
[14] Third, possible emission sources affecting the observed air masses are examined. According to an emission inventory for the Kanto area with a 10 km Â 10 km resolution [Kannari et al., 2004] , emissions from vehicular sources (both diesel and gasoline) can account for $80% of the CO emissions sources in the regions surrounding the RCAST observatory (approximately 60 km Â 70 km area). Here we use the correlation of CO versus CO 2 to investigate the validity of this estimate. Figure 4 shows a scatter plot of CO versus CO 2 observed in the fall and winter periods, where every point represents a 10 min average. Note that CO 2 data were not obtained in the summer period. The DCO/DCO 2 ratio, defined as the linear regression slope, reflects the combustion efficiency of the emission sources [Takegawa et al., 2004] . The DCO/DCO 2 ratio was 11.6 ppbv ppmv À1 for the fall period and 10.7 ppbv ppmv
À1
for the winter period. On the other hand, the average CO/CO 2 emission ratio from vehicular sources is calculated to be $17 ppbv ppmv À1 based on the emission inventory. The other significant CO emission sources in Tokyo (industry , respectively). The observed DCO/DCO 2 ratios were closer to the CO/CO 2 emission ratios from vehicular sources than those from industry and power plants in Tokyo. It is important to note that CO and CO 2 exhibited tight correlations (r 2 = 0.91 -0.92) without significant seasonal variations, indicating that the types of CO emission sources surrounding the RCAST observatory did not have a large variability during the measurement period.
Results and Discussion

Mass Loadings
[15] Figure 5 depicts a scatter plot of measured and predicted ammonium (NH 4 + ) for the summer, fall, and winter periods. The predicted NH 4 + (mg m À3 ) was determined assuming that nitrate (NO 3 À ), sulfate (SO 4 2À ), and chloride (Cl À ) were fully neutralized by NH 4 + :
where m(X) is the molar concentration of species X expressed in mmol m À3 (at 20°C and 1 atm) and MW NH4 is the molecular weight of NH 4 + . In the summer period, there were some outlying data points indicative of acidic particles. These events were found under southerly or southwesterly conditions (wind direction 180°-250°) with very high SO 2 mixing ratios (10 -35 ppbv). It is likely that these air masses were strongly influenced by SO 2 emissions from the Miyake Island volcano (34°04 0 N, 139°30 0 E), which is located $180 km south from RCAST (T. Miyakawa et al., manuscript in preparation, 2006) . For details about the Miyake Iisland volcano, the reader is referred to Kajino et al. [2005] . The number of these outlying data points was less than 1% of the total data points in the summer period. The regression slopes (including all data points) ranged from 0.94 to 1.03, indicating that nitrate, sulfate, and chloride detected by the AMS were mostly in the form of ammonium nitrate (NH 4 NO 3 ), ammonium sulfate ((NH 4 ) 2 SO 4 ), and ammonium chloride (NH 4 Cl), respectively.
[16] Table 1 summarizes the median values of ambient temperature, mass concentration of NR-PM 1 aerosol, and mixing ratios of trace gases for each measurement period. Figure 6 shows mass concentrations of nitrate, sulfate, ammonium, and organics and their fractions of the total NR-PM 1 mass in the summer, fall, and winter periods. The 12 hour average data were used for the time series plots. As shown in Table 1 , the median mass concentrations of total NR-PM 1 aerosol (= NO 3 À + SO 4 2À + Cl À + NH 4 + + organics) did not show significant seasonal variation during the measurement periods, ranging from 12 to 15 mg m À3 . Organics were found to be the dominant component throughout the measurement periods (5.7 -7.1 mg m À3 , 40-60% of the total). The mass concentration and fraction of nitrate were higher in winter (2.8 -3.1 mg m À3 , 20% of the total) than in summer (1.0 mg m À3 , 8% of the total), while those of sulfate were higher in summer (3.2 mg m À3 , 25%) than in winter (1.7 -2.5 mg m À3 , 12-16%).
[17] The formation of (NH 4 ) 2 SO 4 depends mainly on the production rate of sulfuric acid (H 2 SO 4 ) and the concentration of ammonia (NH 3 ). The formation of NH 4 NO 3 depends on the production rate of total nitrate (HNO 3 + NO 3 À ), concentrations of NH 3 and sulfate, temperature, and relative humidity (RH). The thermodynamic equilibrium of NH 4 NO 3 in Tokyo during the summer, fall, and winter2 periods has been investigated using the time-resolved observations of HNO 3 , NH 3 , and aerosol inorganic compounds [Morino et al., 2006] , Morino et al. [2006] have shown that the median mixing ratios of total ammonium (NH 3 + NH 4 + ) were higher by a factor of 2 -4 than those of the sum of sulfate and total nitrate during the summer, fall, and winter2 periods, indicating that the availability of NH 3 was not a major controlling factor determining the seasonal variations of nitrate and sulfate during the measurement period.
[18] In order to evaluate the production rates of nitrate and sulfate, hydroxyl radical (OH) concentrations were [Kita et al., 2002] during the summer, fall, and winter2 period and also measured using a spectroradiometer [McKenzie et al., 2002] during the winter2 period. The filter radiometer data were calibrated by the spectroradiometer data based on their intercomparison during the winter2 period. In situ measurements of OH and HO 2 were made during the winter2 period using a laser-induced fluorescence technique [Kanaya et al., 2001] . We confirmed that the OH concentrations estimated using the empirical formula agreed with the measured OH to within 40% for the winter2 period.
[19] The daytime-averaged OH concentrations ([OH] Day ) and the daytime-averaged oxidation rates of species X by gas-phase OH reactions (R X Day ) are defined as follows:
where k X+OH is the rate coefficient of the X + OH reaction, [X] is the number concentration of species X, and C X is a constant for the unit conversion. The daytime average refers to integration over the time period of 0600 -1800 LT (i.e., T Day = 12 hours).
[20] The results for X = NO 2 , SO 2 , and toluene (C 7 H 8 ) are shown in [Morino et al., 2006] . The average R NO2 Day in the summer period was higher by a factor of 1.9 than the winter2 period. Morino et al. [2006] have shown that the median ratio of (particulate) nitrate to total nitrate observed at the surface was 0.18 for the summer period and 0.95 for the winter2 period. By combining these two numbers, the average production rate of nitrate during the winter2 period is estimated to be higher by a factor of 2.8 than the summer period. Although the above estimate ignores the dilution/accumulation effect, it can mostly explain the observed difference in the nitrate concentrations between the summer and winter2 periods.
[22] The interpretation of sulfate can be more complicated than nitrate because of the longer lifetime of SO 2 than NO 2 against OH reactions and the faster deposition velocity of SO 2 than NO 2 . In situ oxidation of SO 2 by aqueous phase reactions would be slow in this case because there was no significant amount of liquid water (i.e., cloud/fog droplets) in the observed air masses. Details of the formation and removal of SO 2 and sulfate during the measurement period will be presented elsewhere (T. Miyakawa et al., manuscript in preparation, 2006) . The average values of R SO2 Day indicate that the amount of SO 2 oxidized per hour in a unit volume was much smaller than the ambient mass concentrations of sulfate, suggesting that in situ oxidation of SO 2 by OH played a minor role in determining the mass concentrations of sulfate observed during the measurement periods. It is likely that the majority of the observed sulfate was produced somewhere upstream of the RCAST observatory either by gas-phase or aqueous-phase reactions. However, we should note that the higher R SO2 Day in the summer period is qualitatively consistent with the higher mass concentration of sulfate observed during the summer period. The lifetimes of NO 2 , SO 2 , and C 7 H 8 were calculated using the average OH concentrations and temperatures at 0600 -1800 LT (daytime) for each measurement period. The OH concentrations were estimated using the empirical formula given by Ehhalt and Rohrer [2000] . The average OH concentrations at 0600 -1800 LT were 2.2 Â 10 6 , 0.97 Â 10 6 , and 0.78 Â 10 6 cm À3 for the summer, fall, and winter2 periods, respectively. Figures 7b, 7d , and 7f, respectively. Note that m/z 43 represents the equivalent mass concentration of organic fragment represented by the signal intensity at this peak [Zhang et al., 2005a] . The definition of m/z 43 is applicable to other peaks such as m/z 44 and 57. As discussed in the previous AMS studies mentioned above, m/z 44 (mostly COO + ) is a good marker of oxygenated organic compounds, and m/z 57 (mostly C 4 H 9 + ) is a marker of aliphatic compounds. The peak at m/z 43 is considered to be a mixture of several fragments such as C 3 H 7 + and C 2 H 3 O + . It can be seen that m/z 43 and 57 were in both small (d va < 200 nm) and accumulation (d va > 200 nm) modes, while m/z 44 was mainly, but not entirely, in the accumulation mode. Sulfate and nitrate were also in the accumulation mode in most cases. Although quadrupole AMS measurements do not allow single-particle analysis, the measured size distributions suggest that oxygenated organics were generally internally mixed with inorganic species in Tokyo. As mentioned above, this feature is commonly found in various locations. [25] Figure 8 shows a histogram of m/z 44/OA ratios for the summer, fall, and winter periods, where OA represents the mass concentration of organic aerosol. Overall, the m/z 44/OA ratios in Tokyo ranged from $0 to 0.19 during the measurement periods. The histogram does not significantly change even though we only use the data strongly influenced by local emissions (i.e., CO mixing ratios larger than the median), suggesting that the observed variability in the m/z 44/OA ratios was not primarily due to mixing of local emissions with aged background air but was mainly due to photochemical processing of local emissions. Although our measurements were made near emission sources in an urban area, the observed m/z 44/OA ratios cover the variability range of the m/z 44/OA ratios given by . This result suggests that we observed air masses with a variety of photochemical ages, from fresh primary emissions to highly processed air, and that significant photochemical processing could occur even in urban regions.
[26] We can clearly see a seasonal shift in the histogram during the measurement periods. The modal m/z 44/OA ratios were 0.08-0.09, 0.06 -0.07, and 0.05-0.06 for the summer, fall, and winter periods, respectively. As described in section 3.1, the daytime average OH concentration in the summer period was higher by a factor of $2.8 than the winter2 periods. The seasonal shift in the m/z 44/OA ratios is qualitatively consistent with the seasonal difference in the OH concentrations because faster oxidation of VOCs produces more oxygenated organic compounds and may give rise to more multifunctional species in the SOA. For example, the average oxidation rate of toluene, which is recognized as an important SOA precursor in urban air [Odum et al., 1997] , was 0.23 mgC m À3 hr À1 and 0.14 mgC m À3 hr À1 for the summer and winter2 periods, respectively (Table 2) .
Classification of Organic Aerosol
[27] The observed mass concentrations of organic aerosol are divided into three groups, which approximately correspond to regional background air, local primary emission, and local secondary formation. First, we define the concentrations of CO and organic aerosols in regional background air (upwind and/or free tropospheric air). The CO mixing ratio in regional background air was defined as an average of the lowest 5% CO mixing ratios for each measurement period (Table 3 ). The background concentration of OA was determined using the same data points as used to define the background CO mixing ratios. Assuming a constant background level for each measurement period, the enhancement of chemical species X (DX) is calculated by subtracting the background level (X BG ) from ambient concentration, where X represents CO and OA:
The background levels of CO and OA were slightly higher in the winter period than the summer period. On a regional scale, air masses were transported from the Asian continental region in winter, while they were transported from the western Pacific in summer (section 2.2). This may cause the seasonal difference in the background levels between the winter and summer periods. The DOA is further divided into two groups using the correlation with CO. The combustion-related organic aerosol (combustion OA) is defined as the POA fraction that has a linear correlation with DCO. The excess organic aerosol (excess OA) is defined by subtracting the combustion OA from DOA:
where ER(OA/CO) represents the average emission ratio of OA to CO from combustion sources in Tokyo. The determination of ER(OA/CO) will be discussed later.
Because the basic idea of this definition is the same as for the EC tracer method proposed by Turpin and Huntzicker [1995] , the definition presented here is referred to as the CO tracer method. If the emissions of POA and CO are dominated by combustion sources and the emission ratio of POA to CO can be regarded as nearly constant, the combustion OA and excess OA may be good approximations of POA and SOA, respectively. However, we use the former terminology for the present analysis to make the definition clear. It should be noted that washout by rain could be a significant removal process of organic aerosol. The number of data points with precipitation greater than 0 mm (per 10 min integration time) was 3 -8% of the total number of data points for each measurement period. In this analysis, only data with precipitation equal to zero are selected. The data with nonzero precipitation are not used in this analysis because the number of data points is limited.
[28] In order to estimate the ER(OA/CO) values, we need to define ''less processed air,'' corresponding to fresh emissions from combustion sources. A simple definition is to select the air masses observed from midnight to early morning. However, this definition is not sufficient because chemical processing could occur even during the nighttime (e.g., oxidation of VOCs by O 3 and/or NO 3 ), and because some aged OA may carry over from the previous daytime. Alfarra [2004] summarized the m/z 44/OA and m/z 57/OA ratios observed in various locations/sources and showed that m/z 44/OA ratios generally anticorrelate with m/z 57/OA ratios. For example, m/z 44/OA and m/z 57/OA ratios in diesel exhaust from on-road vehicles were found to be $0.03 and $0.08, respectively, while those observed in rural areas in Canada were $0.10 and $0.02, respectively. A ratio of m/z 44 to m/z 57 less than 1 has been found for diesel fuel, lubricating oil, and diesel exhaust, as well as traffic-dominated ambient air. On the basis of the findings of , we define ''less processed air'' as the air masses that meet the following three criteria: (1) the air masses were observed at 2200 -0800 LT (from late evening to early morning); (2) m/z 44/ OA ratio was smaller than 0.05; and (3) m/z 57/OA ratio was greater than 0.05.
[29] Correlations of OA versus CO for the less processed air and the rest of the data (i.e., processed air) are plotted in Figure 9 . It is important to note that the less processed air data points show reasonably tight correlation (r 2 = 0.80-0.97) and correspond to the lower envelope of the correlation for each measurement period. The average ER(OA/CO) was defined as the linear regression slope of the OA-CO correlation for the less processed air, forced through the background. The ER(OA/CO) values ranged from 0.011 to 0.014 mg m À3 ppbv
À1
, as given in the legend of Figure 9 . According to the emission inventory developed by Kannari et al. [2004] , vehicular sources can account for $70% of the primary organic carbon (POC) emissions in the regions surrounding the RCAST observatory. This is a fraction similar to the CO emissions ($80%, see section 2.2). The average POC/CO emission ratio from vehicular sources was calculated to be 0.0025 gC g À1 = 0.0031 mgC m À3 ppbv À1 in those regions. The ER(OA/CO) values were higher by a factor of 3 -5 than the POC/CO emission ratio derived from the inventory. The ratios of organic matter (OM) to OC for typical POA compositions (e.g., $1.2 for n-alkane) do not explain the discrepancy. However, we should note that there could be a substantial uncertainty in the estimate of POC emissions even in an urban area [e.g., Streets et al., 2003] .
Evaluation
[30] Possible uncertainties in determining the combustion OA and excess OA are now evaluated. The major uncertainty in determining the combustion OA and excess OA comes from the assumption that (1) the background level of OA is constant during each measurement period, (2) ER(OA/CO) is equal to the average emission ratio of POA to CO from combustion sources, and (3) ER(OA/CO) is constant during each measurement period.
[31] First, we consider the possible uncertainty associated with the assumption of a constant background. The precision of the background determination is estimated to be $1 mg m À3 based on the standard deviations of the OA concentrations in the background air (Table 3 ). The accuracy of the background determination is difficult to evaluate. The criterion used in this analysis (CO concentration in lowest 5%) may lead to an underestimate of the background level in some cases if highly polluted air masses (i.e., CO mixing ratios significantly exceed the assumed background level) were transported from outside regions. This effect could be important, especially in wintertime, when air masses were transported mostly from Asian continental regions due to the strong influence of the Siberian High. The CO-CO 2 correlation presented in Figure 4 gives some insights into this effect. Takegawa et al. [2004] have shown that DCO/DCO 2 ratios from China ranged over 28-48 ppbv ppmv À1 in winter. In Tokyo, CO and CO 2 exhibited tight correlation (r 2 = 0.92), and the DCO/DCO 2 ratio was found to be 10.7 ppbv ppmv À1 in winter. Considering the signif- Values represent the average ±1s. The number of CO data points used for the average is 126, 152, 104, and 120 for the winter1, summer, fall, and winter2 periods, respectively. icant difference (by a factor of >2.6) in the DCO/DCO 2 ratios between China and Tokyo, it is unlikely that highly polluted air masses transported from Asian continental regions strongly affected the observed concentrations of CO during these periods.
[32] Second, we investigate the possible uncertainty associated with the assumption that ER(OA/CO) is equal to the average emission ratio of POA to CO from combustion sources. If there were significant removal and/or oxidation of POA prior to the measurements, ER(OA/CO) may not be equal to the emission ratio. The removal of POA due to dry deposition is not taken into account for the present analysis because the dry deposition velocity of fine particles is generally slow [e.g., Lovett, 1994] . The oxidation of POA is difficult to evaluate because this process is not well understood. Robinson et al. [2006] have recently showed that the photochemical oxidation of some POA compounds can be important on a timescale of a few days. The analysis of HOA during the Pittsburgh Air Quality Study suggested that the oxidation of HOA was not significant on timescales of a few hours [Zhang et al., 2005c] . For the present analysis, the uncertainty due to the oxidation of POA is not taken into account.
[33] Third, the possible uncertainty associated with the assumption of a constant ER(OA/CO) is evaluated. The observed correlation of OA with CO for the less processed air is a result of mixing of various plumes from a number of vehicle types (and/or from any other sources). Earlier studies including on-road measurements and chassis dynamometer experiments indicated that the emission factors of organics from vehicular exhaust showed a large variability depending on vehicle type: heavy-duty diesel trucks tend to show higher emission factors than gasoline cars [e.g., Canagaratna et al., 2004; Rogge et al., 1993a] . This tendency is also applicable to the emission factors of EC. Kondo et al. [2006] have found that the DEC/DCO ratios (defined as the linear regression slope) observed at RCAST depend significantly on local time and day of week. The DEC/DCO ratios observed in the early morning (0400 -0800 LT) were higher by a factor of $2 than those observed at night (2200 -0200 LT), which is consistent with the larger fraction of heavy-duty trucks in the early morning than at night. However, the DOA/DCO ratios in the less processed air did not show such systematic differences corresponding to the fraction of heavy-duty trucks. In addition, the observed DCO/DCO 2 ratios did not show significant seasonal and diurnal variations (section 2.2), although the CO/CO 2 emission ratio can also vary depending on the type of vehicles. The most plausible explanation for the observed feature is that the variability in the CO/CO 2 and POA/CO emission ratios from various vehicles was not as large as that in the EC/CO emission ratio. Significant diurnal/decadal variations of EC emission patterns in urban areas have recently been reported by Harley et al. [2005] . Therefore it is suggested that the CO tracer method presented in this paper may be better than the traditional EC tracer method in some cases. The additional benefit of using CO as a tracer is that the uncertainty in CO measurements is generally smaller than EC.
[34] The accuracy of the ER(OA/CO) is estimated to be $10%, based on the 95% confidence interval of the linear fit. In order to evaluate the precision of the linear fit, the residual from the linear regression line is defined as
where DOA less represents the DOA values for less processed air. The average ± standard deviation of the residual was found to be 0.1 ± 1.4, À0.2 ± 1.0, 0.1 ± 1.7, and À0.1 ± 2.1 mg m À3 for the winter1, summer, fall, and winter2 periods, respectively, and are shown in the legend of Figure 9 . The residual did not show significant positive/ negative bias. The precision (1s) of the combustion OA and excess OA is estimated to be $2 mg m
À3
, based on the standard deviation of the residual.
[35] Some of the data points categorized as ''processed air'' show deviations below the ER(OA/CO) line (Figure 9 ), corresponding to negative concentrations of the excess OA. The root mean square (RMS) values of the negative concentrations were calculated to be 1.4, 1.5, 1.2, and 1.2 mg m À3 for the winter1, summer, fall, and winter2 periods, respectively. Although the absolute values of the negative concentrations can be large (> 5 mg m À3 ) in some cases, the RMS values are found to be within the estimated precision ($2 mg m À3 ). This result suggests that the estimated precision is appropriate on average during the measurement periods. 3.3.4. Comparisons of Combustion OA With HOA and Excess OA With OOA
[36] Figure 10 shows the comparisons of combustion OA and HOA and those of excess OA and OOA for the winter1 and summer periods, where HOA and OOA were calculated using the custom principal component analysis [Zhang et al., 2005a] . The sum of excess OA and OA BG is compared with OOA assuming that organic aerosols in the background air were mostly oxygenated (i.e., aged). The regression results for the winter1, summer, fall, and winter2 periods are summarized in Table 4 . Here we used a bivariate regression analysis that considers the errors in both variables. We can see tight correlations of combustion OA with HOA (r 2 = 0.76 -0.85) and excess OA + OA BG with OOA (r 2 = 0.65 -0.85) during the measurement periods. The slope of the combustion OA versus HOA (S ComOA-HOA ) ranged from 0.88 to 1.36, while that of the excess OA + OA BG versus OOA (S ExOA-OOA ) ranged from 0.97 to 1.41. The sum of S ComOA-HOA and S ExOA-OOA for each measurement period ranged from 2.23 to 2.33 (i.e., larger by 12-17% than 2). This is not due to the difference between HOA + OOA and total OA(= combustion OA + excess OA + OA BG ) because the regression slope of HOA + OOA versus total OA was $0.99 for the winter1, summer, and fall period ($0.92 for the winter2 period). What we can conclude from these comparisons is that the combustion OA and excess OA agreed with HOA and OOA to within 36% and 41%, respectively, and that there could be uncertainties of 12-17% in those numbers.
Seasonal and Diurnal Variations of Organic Aerosol
[37] Figures 11a -11b show the time series of CO, O 3 , combustion OA, and excess OA observed from 3 to 7 August 2003. The meteorological parameters are plotted in Figures 11c -11d . The Tokyo area was under a stable anticyclone during this period. The weather was mostly sunny (i.e., nonprecipitating), except for rainfall on the afternoon of 5 August 2003. The temperature exceeded 30°C and relative humidity decreased to as low as $50% during the daytime. The wind directions were generally southerly during this period, indicating that relatively clean air was transported from the ocean during most of the period. In the morning of 4-6 August 2003, the wind speed was low ($1 m s
À1
) and the wind direction drastically changed from north to south. This feature can be interpreted as the turnover of the sea-land breeze circulation and indicates that air masses were stagnant over Tokyo in the morning. The episodes of high O 3 mixing ratios (>80 ppbv) were found on those days. The temporal variation of the excess OA correlated with O 3 during the daytime, showing a maximum of >10 mg m À3 at 1200 -1400 LT. The ratio of the excess OA to total OA was 0.64-0.84 at those daytime peaks.
[38] Figure 12 shows the diurnal variations of total OA, OA BG , combustion OA, and excess OA in the summer, fall, and winter periods. Average values were calculated in 2 hour bins throughout the day. Although OA BG has a minor contribution to total OA when we consider large enhancements of OA (>10 mg m À3 ), it becomes important when we consider the average values. While the combustion OA did not exhibit a distinct diurnal variation, there was a clear diurnal pattern for the excess OA (peak at $1300 LT), especially in the summer period. At the daytime peak, the excess OA was nearly in the same concentration as the combustion OA for all seasons: the ratio of the average combustion OA to excess OA was 1.3, 1.1, and 1.0 at 1300 LT for the summer, fall, and winter periods, respectively. This result suggests that significant SOA formation occurred during the daytime throughout the measurement periods. The excess OA concentrations were nearly zero at 0100-0700 LT in the summer and winter periods. This feature does not imply that all SOA species disappeared during this time period, because we subtracted the background level from the total OA to define the combustion OA and excess OA. Instead, this can be interpreted as the absence of significant local production of SOA during this time period.
[39] It is interesting to note that a second peak in the excess OA was found at $2100 LT. The second peak was even higher than the daytime peak for the winter period. It should be noted that nighttime peaks in SOA were also identified in Atlanta in summer (August 1999) during the Atlanta Supersite Experiment [Lim and Turpin, 2002] . There are two possible explanations for the nighttime peaks in the excess OA. The first possibility is that significant SOA formation took place even after sunset via reactions of VOCs with O 3 and NO 3 . A decrease in the boundary layer height after sunset may have caused additional increase in SOA precursors and/or SOA species formed near the surface. In fact, the combustion OA also showed an increase after sunset. The increase in the combustion OA was evident during the winter period: the median concentration of the combustion OA at 2100 LT was 1.5 times higher than that at 1700 LT. The second possibility is that gas/particle partitioning of condensable organic compounds (COCs) that had been formed during the daytime was shifted toward the particle phase as the temperature decreased after sunset. The gas/particle partitioning of COC species i is given by [Odum et al., 1996] 
where K om,i is the gas/particle partitioning constant, M om is the mass concentration of total organic matter in aerosol, A i is the COC concentration in the aerosol phase, and G i is the COC concentration in the gas phase. The temperature dependence of COCs formed from photooxidation of aromatics was investigated based on a smog chamber experiment [Takekawa et al., 2003 ]. Here we estimate the effect of temperature on gas/particle partitioning of COCs formed from toluene during the winter period, based on the results of Takekawa et al. [2003] . Assuming a constant M om of 6 mg m À3 (median in the winter period), the A i /G i ratio at 2100 LT (279K) is estimated to be 14% higher than that at 1300 LT (282 K). COCs formed from other aromatics such as m-xylene and 1,2,4-trimethylbenzene showed a stronger temperature dependence than toluene [Takekawa et al., 2003] . Therefore the nighttime peak during the winter period may be partially due to the shift in the gas/particle equilibrium after sunset. A strong dependence of the formation rate and gas/particle partitioning of COCs on temperature has previously been discussed by Strader et al. [1999] , based on the data set obtained in the San Joaquin Valley of California during the winter of 1995 -1996. periods (40 -60% of the total NR-PM 1 mass). The ratio of m/z 44 (marker of oxygenated organic compounds) to OA showed a clear seasonal shift (higher in summer), which was qualitatively consistent with the higher OH concentrations in summer than winter.
Summary and Conclusions
[41] The mass concentrations of OA were divided into three groups (background OA, combustion OA, and excess OA) based on the correlation with CO. It was found that the combustion OA and excess OA + OA BG were similar to HOA and OOA, respectively, during the measurement periods. On average, the excess OA showed a clear diurnal pattern (daytime peak at $1300 LT), especially in the summer period. At the daytime peak, the average concentration of the excess OA was nearly equal to that of the combustion OA for all periods, suggesting that significant SOA formation occurred in daytime throughout the measurement period. A second peak in the excess OA was found at $2100 LT, especially in the winter period. This may be due to a formation of SOA via reactions of VOCs with O 3 and NO 3 after sunset, and/or to a shift in the gas/particle equilibrium of SOA compounds after sunset.
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